The study of the association between fitness and reaction norms is of primary importance given the hypothesized role for phenotypic plasticity in shaping evolutionary patterns: in microevolution, as one mechanism for maintaining genetic variation, and in macroevolution, as a means of generating phenotypic novelties. In a glasshouse experiment, we investigated variation in reaction norms to nutrient availability in populations of Arabidopsis thaliana, and the relationship between this variation and reproductive fitness. We found evidence for acrosstreatment directional selection on the means for leaf number, flowering time, plant height, branching and growth rate; across-treatment stabilizing selection was detected for growth rate; and across-treatment disruptive selection was significant for leaf number. We also uncovered selection on the plasticity of some traits: directional for the plasticity of branching, and stabilizing for the plasticity of both branching and growth rate. When the two environments were considered separately, directional selection for height was detected under low nutrients; under high nutrients, we found evidence for directional selection on leaf number and height, and for disruptive selection on flowering time. The genetic correlation between a trait's expression in one environment and its expression in the alternate environment was positive and highly significant only for flowering time and growth rate. A principal components analysis revealed possible constraints on future selection responses, because of correlations among character means and among character plasticities.
Introduction
Phenotypic plasticity is the ability of an organism to produce different phenotypes in response to different environments (Schmalhausen, 1949) . It is under genetic control (Bradshaw, 1965; Schlichting, 1986; Schemer, 1993) , and is a potential target for selection when it plays a role in the adaptation of organisms to changing environmental conditions (Sultan, 1987; Schlichting & Pigliucci, 1993 .
The relationship between character plasticity and fitness is therefore of substantial importance for our understanding of how changes in the reaction norm may evolve (Levins, 1963; Via, 1993; Weis & There are several reasons for this unsatisfactory state of affairs, not the least being the conceptual and computational problems related to estimations of fitness (see Ollason, 1991 for a discussion and references; de Jong, 1994) . Functional ecological studies of fitness under controlled conditions run into problems such as those pointed out by Service & Rose (1985) : the genetic architecture (i.e. the genetic relationships among a series of characters, including fitness) may be altered when an organism is exposed to a different or novel environment. This means that special care must be taken in the choice of environmental variables. For phenotypic plasticity in particular, we need to determine under what conditions selection acts on plasticity per se (Bradshaw, 1965; Schlichting & Pigliucci 1993 , as opposed to on the within-environment character expression (Via 1993) .
We use the annual herbaceous plant Arabidopsis thaliana (Brassicaceae) to investigate the relationships between fitness and the reaction norms of several characters to nutrient availability. The choice of this experimental system was based on the following points.
(1) In a weedy annual like A. thaliana, a major component of fitness is the total seed output at the end of the growing season; this is relatively easy to measure in a large number of individuals. As an annual, the total fruit output is an excellent and easy to use approximation to seed production and establishment, because of the very tight and relatively environmentally-invariant correlation between fruit and seed production, and very high germination rates under a wide range of conditions (Westerman & Lawrence, 1971) . (2) There is evidence that A. thaliana is subject to regular fluctuations in nutrient availability under field conditions. Thompson (1994) showed that A. thaliana can find itself in the presence of high concentrations of nutrients if it germinates not long after the mother plant has decayed; otherwise, the plant can experience an environment characterized by very low nutrient availability. This fluctuation has profound effects on individual phenotypes and on population dynamics. (3) There is substantial variation among populations in reaction norms to nutrient levels in A. thaliana (Pigliucci & Schlichting, 1995) , suggesting the possibility of an effective response to natural selection, if comparable variation exists within populations.
The previous three papers of this series have investigated other aspects of reaction norms variation in A. thaliana. Pigliucci et al. (1995a) demonstrated genetic differentiation among populations for the response to a broad range of three fundamental abiotic parameters: water, light and nutrients. They also showed, through the use of path analysis, both genetic and environmentally-induced variation in character correlations. Pigliucci et al. (1995b) explored the environment-dependent expression of genetic variation in A. thaliana and found that more variation was expressed in 'stressful' vs. benign environments and in a set of unordered environments compared with gradients. Finally, Pigliucci & Schlichting (1995) looked specifically at the response to nutrients availability in a survey of worldwide populations of A. thaliana.
In this study we address the following questions. (i) Is there genetic variation within populations for the reaction norms to nutrients availability for genotypes from natural populations of A. thaliana, and how does this compare with the magnitude of among-population variation? Because genetic variation for plasticity is a prerequisite for any future response to selective pressures, we will assess its presence among 12 families from each of three natural populations and an isogenic line (see below) for reaction norms of several characters in response to two levels of nutrients. (ii) What are the relationships between reaction norms of major phenotypic traits to nutrients and fitness in A. thaliana? We address this question by comparing reaction norms of genotypes with different total reproductive output and by regression analyses of reaction norm parameters on fruit production.
Materials and methods

Plant material and experimental set-up
We used 12 families of plants for each of the following three populations (so-called 'ecotypes') of Arabidopsis thaliana (L.) Heynh., an annual, highly selfing weed (Abbott & Gomes, 1989) : Greenville (henceforth, G), Kendalville (K), and Turk Lane (T). We also included the isogenic line Landsberg (L) for comparison with other studies on the population biology and genetics of this species. The families were obtained by selfing plants grown from seeds procured from the Crucifer Genetics Cooperative (CGC) at the University of Wisconsin-Madison. Population K and isogenic line L represented early flowering populations, whereas populations G and T are classified as late flowering. Flowering time is of major ecological importance in this species (Jones, 1971; Westerman & Lawrence 1971) , and it is therefore used as an indicator of the existence of local races.
Seeds were spread on filter paper in petri dishes in a cold room for 2 days to help synchronize germination. They were then transferred for 2 days to ambient temperature and imbibed with water to induce germination. Plants were grown in the greenhouses of the University of Connecticut at Storrs, in 5 cm pots. The experiment included three populations, 12 families per population, two treatments, and three replicates per treatment per family, plus the same number of replicates of Landsberg. The two treatments differed in the concentration of available nitrogen, phosphorus and potassium (0 vs. 3 pellets of 14:14:14 N:P:K Osmocote, Slater Supply). The low nutrients level represents a stress, similar to conditions presumably encountered by natural populations on very dry and exposed soil; the higher level allows vigorous growth, similar to natural populations living in rich and undisturbed environments (M. Pigliucci, personal observation). As Thompson (1994) did not report any quantitative assessment of nutrients abundance, we did not make any attempt to match explicitly those conditions. Plants were grouped in two blocks, with treatments and replicates randomized within blocks (one or two per block). Plants were grown in a small area, in standard germinating soil mix, and watered daily. The low mortality was randomly distributed with respect to family, but slightly higher in low nutrients.
The following characters representing important aspects of the A. thaliana phenotype (Pigliucci et al., 1995a,b) were scored: (i) number of leaves (vegetative growth); (ii) flowering time (phenology/developmental timing); (iii) final height of the main stem (size); (iv) number of lateral branches on the main stem (architecture); and (v) growth rate (total height of the stem divided by the difference between senescence time and bolting time). Reproductive fitness was measured as the total number of fruits produced by the plant at senescence.
Data analysis
Genetic variation for reaction norms to nutrients availability We performed a series of mixed-model analyses of variance (procedure GLM in SAS, 1990) assessing the influence of the following sources of variation on each character: Treatment (i.e. phenotypic plasticity); Population (i.e. genetic variation across treatments among populations and the isogenic line); Family nested within Population (i.e. genetic variation across treatments within the three populations); Treatment by Population interaction (i.e. genetic variation for plasticity among populations and the isogenic line); and Treatment by Family interaction (i.e. genetic variation for plasticity within populations). Block effects, included in the initial model, were not significant and were not included in the final model. Both Population and Treatment were considered fixed effects. Families were considered random effects and therefore the Population effect was tested over a combination of error and Family variances. Significance levels were determined by a sequential Bonferroni procedure to compensate for simultaneous comparisons involving the five traits.
We also graphically inspected the phenotypic scatter of the different families in the two treatments. Instead of plotting the standard reaction norms (i.e. functions describing the behaviour of each family in a Treatment vs. Phenotype diagram), we graphed the position of each family in the phase space defined by its phenotype under low nutrients (on the x-axis) and its phenotype under high nutrients (on the y-axis). Each family is then represented by a single point identified by a pair of coordinates. When the two axes are plotted on the same scale, this graph presents several interesting properties. A
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family lying on the main diagonal will have equal phenotypic values in both environments (i.e. a flat reaction norm). The perpendicular diagonal represents a continuum between the two possible patterns of increasing plasticity: a much higher phenotypic value in one environment than in the other (moving toward the upper left or lower right corners of the diagram). The across-environment average phenotype remains constant along this axis. The intersection of these diagonals represents a case of no plasticity and an average phenotype in both environments (scaled with respect to the phenotypic range actually observed). The univariate reaction norm plots were also used to help visualize the adaptive landscape. The relative fitness of the families was subdivided into three equal classes: below average fitness (represented by minus signs), average (circles), and above average (plus signs).
The correlation between the two axes is an estimate of the genetic correlation between the expression of a trait under low vs. high nutrients. We used the family means, instead of the variance components, to calculate these genetic correlations, although estimates based on family means are known to be biased upwards because of the inclusion of maternal effects (Roff & Preziosi, 1994) . Our choice was based on two considerations: first, seed size and number are relatively constant and families originated from maternal plants grown under uniform conditions, making it unlikely that the two estimates will differ greatly in magnitude (see Geber, 1990) . Secondly, although estimates based on variance component analysis are more precise (i.e. less biased), they are far less accurate (i.e. associated with a higher error variance; Shaw, 1991) . We therefore opted for a likely smaller bias in the precision of our estimates but a sufficient degree of accuracy to allow tests of significance.
Relationships between reaction norms and reproductive fitness Reproductive fitness of families was regressed against the linear and quadratic terms (Rausher, 1992) in two separate analyses (see Weis & Gorman, 1990) for both the across-treatment mean phenotype and the plasticity (i.e. the difference in phenotype between high and low nutrients). The linear terms quantify the intensity and sign of directional selection, whereas the quadratic terms assess stabilizing or disruptive selection. We used the procedure REG in SAS (1990) , and calculated standardized regression coefficients, which are easier to interpret than the unstandardized ones (Weis & Gorman, 1990 An analysis on the descriptors of the reaction norm (i.e. elevation and slope) tests for selection directly on plasticity or across-environment response, but also assumes that the environments are equally frequent. Although true for our controlled conditions, this might not hold for natural populations, where both environmental frequency and the number of individuals per environment can vary. For this reason, we also performed regression analyses of the relationship between all traits and reproductive fitness within each of the two treatments to help in making predictions about selection regimes on reaction norms if the environments were not equiprobable. Note that in each case where we found significant quadratic effects we classified the type of selection (stabilizing or disruptive) on the basis of the sign of the quadratic coefficient and of plots of partial residuals (not shown).
The univariate analysis described so far does not account for potential correlations among averages or plasticities of the same or different traits. To gain a multivariate perspective of the reaction norms we carried out a principal components analysis on the genotypic means, using the characters' averages and plasticities as variables. We then performed regression analyses of the first two principal components scores on reproductive fitness.
Results
Variability in reaction norms to nutrient availability
The first question we addressed concerned the variability in the elevation (i.e. across-environment mean) and slope (i.e. plasticity) within and among populations of A. thaliana. The analysis of variance (Table  1) shows a significant Treatment effect (phenotypic plasticity) for height and number of branches: the overall (across families) values of these characters tended to increase with availability of nutrients. The number of leaves in the rosette, time to flowering and growth rate remained stable across environments. The three populations and the isogenic line showed very marked differentiation for all traits included in the analysis (significant Population effect in the ANovAs). Four characters (all except growth rate) were also significantly different among families within natural populations. There was significant genetic variation for plasticity in flowering time (among populations), and for the number of branches (among families) ( Table 1) .
The phenotypic phase space diagrams (Fig. la-e) allow us to visualize the actual scatter of families according to characteristics of their reaction norms.
The number of leaves in the rosette ranged from fewer than 10 to around 200, with a concentration of families characterized by reaction norms with leaf Type III MS are reported. Families within Populations were considered random effects and therefore the Population effect was tested on the Family and error variances; all other effects were tested over the error variance. Boldface indicates effects significant after a sequential Bonferroni correction (across traits), which accounts for multiple simultaneous tests. P values are in parentheses below the corresponding MS. numbers below 50 in either treatment (Fig. la) .
Landsberg showed the lowest number of leaves in either environment. The genetic correlation between the expression of this trait in the two treatments was close to zero (i.e. leaf production of a family in one environment is not a predictor of leaf production in the other environment). Flowering time varied from about two to almost 25 weeks, with Landsberg flowering fastest in both environments. The scatter away from the main diagonal was markedly reduced (compared with leaf number), as is evident from a significant genetic correlation between environments of + 0.89. The families seem to fall into two main clusters, one flowering within 10 weeks, the other after 20, with a few families in between (Fig. ib) . The range for height was between 50 and 500 mm,
with two main clusters (less than 200 and more than 300 mm), and a tendency for families to fall well above the main diagonal (i.e. to produce taller individuals under high nutrients). The genetic correlation between the phenotypic expression in the two treatments was not significant (+ 0.35). Landsberg was of intermediate height in both environments (Fig. ic) . The distribution of number of branches among the 37 families varied from zero to 20, with a marked propensity to produce more branches under the high nutrient treatment. The genetic correlation was not significant (+0.22), and Landsberg produced an intermediate number of branches in both environments (Fig. id) . Finally, the scatter around the main diagonal of reaction norms for growth rate was very limited, with most families The analyses were carried out separately for each trait, and each included linear terms for across-environment mean and plasticity, and quadratic terms for mean and plasticity. Standardized regression coefficients are reported. Boldface indicates significant coefficients according to a sequential Bonferroni correction that accounts for multiple simultaneous tests across traits.
falling along the diagonal; the genetic correlation of + 0.94 across environments is highly significant. Landsberg had the slowest growth rate under both conditions.
Relationships between reaction norms and fitness The multiple regressions of parameters describing the reaction norms to nutrients on the average reproductive fitness are presented in Tables 2 and 3 . Across environments, we detected significant directional selection for decreased number of leaves, as well as significant disruptive selection on the same character. The corresponding plot in Fig. la visualizes this situation: the families characterized by the highest fitness are found in the lower left corner of the graph (i.e. they have low average numbers of leaves), and although they are almost all close to the main diagonal (indicating lack of plasticity), some produce a higher number of leaves under low nutrients. The secondary peak (i.e. evidence for disruptive selection) may arise from the relatively higher fitness of several families that produced large numbers of leaves in both environments or only in the high nutrients one ( families are tall, with a tendency for them to be taller under high nutrients. Three of the four terms in the regression analysis of number of branches were highly significant, indicating simultaneous directional selection for increased branching and reduced plasticity of branching, as well as stabilizing selection on the plasticity. Therefore, high branching is favoured, but there seems to be selection against extreme plasticity (i.e. against production of branches only in the high nutrients treatment). In Fig. id Analyses were carried out separately for each environment, and each included linear and quadratic terms. Standardized regression coefficients are reported. Boldface indicates significant coefficients according to a sequential Bonferroni correction that accounts for multiple simultaneous tests across treatments.
(favouring decrease) as well as stabilizing selection on growth rate. We also found a significant The within-treatment analyses present a much simpler picture (Table 3) . Under low nutrients, there is a significant directional selection for increased height. Under high nutrients, the directional selection for increase in height is even stronger, and is accompanied by directional selection for reduced leaf number and by disruptive selection for flowering time.
The principal components analysis on genotypic means allows description of the multivariate plasticity of A. thaliana (Table 4 ). The first two eigenvectors cumulatively explained about 70 per cent of the total variance. The first principal component was defined primarily by the elevations of the reaction norms for all traits: average height and branching
were positively correlated with each other and negatively correlated with leaf number, flowering time and growth rate. The second principal component was dominated by the plasticities of the traits, with growth rate plasticity negatively related to the plasticities of other traits. Regression analyses of the effect on fitness of the score of the families on each component (Table 4b ) revealed highly significant directional selection for an increase in PC-i (i.e. on the traits means).
Discussion
Variability in reaction norms to nutrients availability There is a high degree of genetic variation, at both the population and the family levels, for parameters describing reaction norms to nutrient availability in A. thaliana. The analysis of variance showed that most variation was for the elevation of the reaction norm, with genetic variability in plasticity present for flowering time and for branching. The plots of reaction norms and the computation of interenviron- ment broad sense genetic correlations pointed to a marked difference between flowering time and growth rate on one hand, and number of leaves, number of branches and plant height on the other.
The 37 reaction norms for the first two traits showed high interenvironmental genetic correlations. This is usually interpreted as a constraint on further evolution of the reaction norms (Via, 1993) . Any selective pressure that would be directed toward modifying the phenotypic expression in one environment without altering it in the second one (or pushing it in the opposite direction), should encounter resistance because of reduced genetic variation. On the other hand, the scatter of reaction norms for height, branching and especially leaf number, was such that the corresponding genetic correlations were very low. Should selection favour increased or decreased plasticity for any of these traits, we would expect a quick response by a population constituted of the families examined here (de Jong, 1995; van Tienderen & Koelewijn, 1994) .
Most previous studies of A. thaliana have found plasticity and genetic variation for plasticity to nutrient availability in several characters. Pigliucci et a!.
(i995a) found genetic variation for plasticity to nutrients at the population level; the multivariate relationships among various traits, as assessed by path analysis, were markedly population-and treatment-specific. Zhang & Lechowicz (1994) detected significant correlations among time of flowering, plasticity of flowering to nutrients and reproductive fitness in a study conducted on 13 populations. An appropriate response to nutrients in the soil might dramatically affect the population dynamics of A. thaliana, as suggested by Thompson (1994) . A reasonable expectation is that plants growing under higher nutrients should become larger and increase both vegetative and reproductive outputs, which we found under our experimental conditions. However, under field conditions the density of conspecifics is also a determining factor (Myerscough & Marshall, 1973; Thompson, 1994) . The interactions between these two factors should therefore be investigated further under both field and controlled conditions. It is worth noting that Landsberg, usually considered as 'wild-type' A. thaliana for experiments in analysed here for number of leaves (veiy low), flowering time (very early) and growth rate (very slow).
It is, on the other hand, characterized by median values of height and number of branches. It tends not to be plastic for any of the traits examined in the nutrient treatments; this is true for some but not all natural populations (Pigliucci & Schlichting, 1995) . Any future ecological/evolutionary interpretations of physiological-molecular analyses need to take Landsberg's derived phenotype and lack of plasticity into consideration.
Relationships between reaction norms and fitness
The problem of the determinants of fitness in heterogeneous environments has been at the centre of a number of theoretical as well as experimental papers (Levins, 1963; Weis & Gorman, 1990; Bell, 1992; Karron & Marshall, 1993) . The very concept of fitness is a rather controversial one (review in Ollason, 1991) , and Alexander (1991) and Lauder et al. (1993) have pointed out the complexity of the relationship between measurable performances or adaptation in the sense of the product of historical processes, and fitness. Here we do not make any attempt to relate directly fitness in these families as observed under controlled conditions to past selective pressures on the reaction norms. To do that meaningfully would require substantial knowledge of the habitat distribution and of the fitness functions in the field, knowledge that is currently lacking (but see Weis & Gorman, 1990) . On the other hand, we maintain that an understanding of the effects of several characters on reproductive output when only one or few environmental variables are altered at a time, must be part of the ultimate solution to the general problem of understanding the relationships between phenotype and fitness in changing conditions.
We found evidence that under the specific conditions of this experiment the parameters describing the reaction norms (i.e. elevation and slope) of several characters do affect reproductive fitness as measured by fruit output in this species. The most prevalent mode of selection was directional on trait means, but instances of stabilizing and disruptive selection, as well as selection on plasticity, were also found. When we analysed selection pressures within treatments, a much simpler scenario emerged, mostly emphasizing directional selection. This simplification is no doubt related to the fact that these regressions neglect to account for any interaction between populations (or families) and environment. Even though results obtained from
within-environment analyses can be translated into their across-environment equivalents (de Jong, 1995) this process is not mathematically straightforward. Therefore, we suggest adopting both approaches for a better understanding of selection regimes. Clearly, estimates of the relative frequencies of different natural environments are vital if we wish to translate estimates of selection under controlled conditions to the field. This type of information is persistently lacking in most ecological genetics studies.
When we considered the multivariate phenotype of A. thaliana, we were able to identify a major axis of variation characterized by the reaction norms' elevations and a second axis defined by the plasticities. The sign of the weights on PC-i (reaction norms' elevations) point to the existence of two sets of covarying characters. Because the PCA was performed on the family means, this suggests a genetic constraint among the 37 families analysed: taller plants with increased branching (both traits favoured by selection) would also be characterized by lower leaf number, earlier flowering and a slower growth rate (all of which would also be favoured under the conditions tested in our experiment). In fact, the linear regression coefficient on the first principal component was highly significant.
However, this scenario allows us to predict response to selection only in the short term (Schlichting & Pigliucci, 1995) : eventually, biochemical or physical constraints must limit the lowest possible leaf number or the fastest phenology that can be achieved, especially while simultaneously trying to increase branching and plant size. The structure of the second eigenvector is equally interesting, relating the plasticities of all five traits. However, we did not detect significant selection on this component. This might have two causes. (i) Insufficient power of the multiple regression to detect significance on a variable summarizing 30 per cent of the total variance (and calculated on the family means). (ii) Only the plasticities of two traits (branching and growth rate) were under selection at the univariate level and these are negatively related on PC-2: this inverse relationship might effectively cancel any selective force acting on the two independently, and represents a prime example of a potential constraint on the evolution of plasticity.
